Brillouin-light-scattering measurements and finite-element modeling of vibrational spectra in the range of 5-40 GHz are presented for an array of monocrystalline GaN nanowires with hexagonal cross sections. Analysis of the spectra is substantially complicated by the presence of a distribution of nanowire diameters. The measurements and calculations reveal a variety of modes with simple flexural, higher-order flexural, approximately 'plane-strain', approximately longitudinal and torsional displacement patterns that are similar to the corresponding modes of isotropic cylinders. The largest peaks in the spectra with acoustic angular wavenumbers in the range of 4 to ∼15 µm −1 were determined to arise from modes with relatively large transverse displacements, consistent with inelastic light scattering arising predominantly from surface ripple. These dominant modes have finite frequencies in the limit of zero wavenumber, corresponding to transverse standing waves. At higher wavenumbers, the spectra provide evidence for increased scattering through elasto-optic coupling, especially with respect to the emergence of a peak from a mode analogous to the longitudinal guided modes of thin films.
Introduction
Nanoelectromechanical systems (NEMS) based on vibrationally resonant nanowires are being increasingly explored for a variety of applications, including ultrahigh-resolution mass sensing, force sensing, and frequency control [1] . In mass-sensing applications, for example, the low masses of nanowires provide the advantage of high sensitivity. Molecular detection with a resolution in the zeptogram range has been reported for SiC doubly clamped beams, and analyses indicate that resolutions on the order of a single Dalton (1 amu) are feasible to achieve with similar devices [2] . Monocrystalline ionic or covalent nanowires are particularly * This manuscript is a contribution of the National Institute of Standards and Technology and is not subject to copyright in the United States. 4 Present address: Caterpillar Inc., PO Box 1875, Peoria, IL 61656-1875, USA.
attractive for resonant NEMS applications, because their relative structural perfection and high barriers to anelastic dislocation motion lead to high acoustic quality factors and correspondingly high resolution, stability, and signal-to-noise ratios. Monocrystalline materials that have been employed for nanowire resonators include GaN [3] [4] [5] [6] , ZnO [7] , SiC [8] [9] [10] [11] [12] [13] [14] , and Si [9, 15] .
The vibrational modes of nanowires have also attracted attention with respect to effects of phonon confinement on thermal transport and electrical conductivity, which will play critical roles in the performance and stability of future nanoscale devices [16, 17] . Research in this area has focused primarily on theoretical calculations of phonon spectra and their effects on thermal and electrical properties in nanowires that are either freestanding or embedded in a matrix ('quantum wires') [18] [19] [20] [21] [22] [23] [24] .
In relation to both developing new NEMS resonators and understanding the effects of spatial confinement on transport properties, vibrational modes in the gigahertz range are of special interest. Extending operating frequencies of NEMS resonators into this range has been an increasing focus of research over the past decade [8-10, 25, 26] because of several advantages of higher-frequency operation, including increased resolution in mass sensing [27] . Phonons at gigahertz frequencies are of interest in fundamental studies of the thermal and electrical conductance of nanowires at low cryogenic temperatures, because their energies are of the same order of magnitude as thermal energies at these temperatures [20-22, 28, 29] .
No measurements of the vibrational modes of freestanding nanowires have been previously reported. However, several studies involving Brillouin-light-scattering (BLS) measurements have focused on the closely related subject of vibrational modes of polymeric nanolines on substrates or nanoscale membranes [30] [31] [32] [33] . In this report, we present measurements and numerical modeling of the vibrational modes of monocrystalline hexagonal GaN nanowires at frequencies up to 40 GHz. BLS measurements of vibrational spectra of arrays of parallel freestanding nanowires are interpreted through the use of finite-element (FE) modeling. Despite substantial challenges in analysis posed by a distribution of diameters of the measured nanowire array, modes with a number of vibrational symmetries are identified with the spectral peaks, including several types of modes with transverse standing-wave patterns and finite frequency in the limit of zero wavenumber along the length.
Specimen
Monocrystalline wurtzite-structure GaN nanowires were grown on Si(111) substrates by gas-source molecular beam epitaxy (MBE) [34] . The long axes of the nanowires were approximately normal to the surface of the substrate, the hexagonal crystal axes (c-axes) were oriented along the lengths of the nanowires, and, with few exceptions, the cross sections were hexagonal. Bertness et al [34, 35] , have shown, through the use of transmission electron microscopy, that nanowires grown in this way are free of dislocations and stacking faults. The azimuthal orientations of the nanowires are found to all be approximately crystallographically equivalent in the entire array, and the facets of the hexagonal cross sections are correspondingly aligned [36] . Figure 1 shows scanning-electron-microscope (SEM) images of sections of the array of nanowires, including, in figure 1(a), the Si substrate and the irregular GaN matrix layer at which the nanowires spontaneously nucleate. From figure 1(a), the lengths of most nanowires are seen to be in the range of 6.5-8.5 µm.
As discussed below, BLS measurements were performed on sections of the array that included hundreds of nanowires. Most of the frequencies of vibrational modes of nanowires depend on nanowire diameter, and the diameters in the array vary over a significant range, as seen in figure 1 . Therefore, measured vibrational spectra are superpositions of individual • relative to the substrate normal. The angle of the specimen in the lower figure (which was used for estimating the distribution of diameters) is such that maximal hexagonal diameters of the nanowires are predominantly in the plane of the figure. nanowire spectra, and information on the distribution of diameters (at least, an estimate of the effective average diameter) is required for spectral analysis. A histogram of the maximal diameters (distances between opposite vertices of the cross section) of 371 nanowires, determined graphically from measurements on the SEM image shown in figure 1(b) , is presented in figure 2 . The curve in this figure is a Gaussian fit to the number of nanowires in the bins of the histogram, with the diameters of all nanowires in each bin approximated as the diameter d at the center of the bin. This curve is given by
where
In addition to d 0 and w, A is an adjustable fitting parameter. The uncertainties given above for d 0 and w do not include uncertainties arising from finite image resolution or variations in diameter distribution over the surface of the specimen. The uncertainty in d 0 associated with finite image resolution is estimated to be comparable to the pixel dimension of the image, 24 nm. Systematic errors in the d 0 Figure 2 . Histogram of maximal diameters of 371 nanowires determined graphically from the SEM image shown in figure 1(b) . Solid curve: least-squares fit to a Gaussian function (equation (1)), with the parameters of equation (2) .
employed in BLS spectral analysis may also arise from spatial inhomogeneity of the diameter distribution. Although the images in figure 1 were taken from a region of the specimen within 1 mm of that from which BLS spectra were acquired, the correspondence of these regions was not exact. Even if the center of the BLS laser spot coincided exactly with the center of the region imaged with SEM, there would be differences in the BLS and SEM diameter distributions, because the BLS focal spot is an ellipse with major axis varying with incident laser-beam angle. Based on SEM images of other regions of the wafer and similarly grown arrays (not shown), systematic errors in d 0 associated with spatial variations in diameter are estimated to be no more than ∼20 nm.
The distribution of diameters, which determines the frequencies of correspondingly distributed peaks in BLS spectra, will be weighted by the light-scattering cross sections of the nanowires. Lacking a theoretical analysis of such cross sections, we proceed by assuming that surface BLS [37] is the dominant scattering mechanism and that the cross sections are proportional to the profile of a nanowire facing the incident beam; in other words, we assume that the scattering cross section of each nanowire at a given angle of the incident light (i.e., in a given BLS spectrum) is proportional to the nanowire diameter. The assumption of dominance of surface BLS is supported by analysis, described below, of relative peak heights in the BLS spectra acquired over most of the measured range of wavenumbers, although analysis of spectra at the highest wavenumbers indicates that cross sections of some modes involve a combination of surface and elasto-optic scattering. Enhanced elasto-optic scattering is expected to shift scattering cross sections towards a dependence on nanowire volume, rather than diameter. This effect is not considered in estimating the weighted diameter distribution; its inclusion would require extensive theoretical calculations of mode-dependent scattering cross sections. Figure 3 shows the histogram points of figure 2 weighted by the diameters at the center of the histogram bins. A Gaussian fit to these data (solid line) is given by
The weighting of the points by the estimated BLS cross sections shifts the peak of the Gaussian fit upwards by 5%.
Methods

Brillouin light scattering
Brillouin light scattering (BLS) was employed to measure thermally excited vibrational spectra of the array of freestanding GaN nanowires on the Si substrate. The measurements were performed at an optical wavelength of 532 nm in a 180 • backscattering configuration (with the incident laser beam coincident with the axis of the lens that collects the inelastically scattered light) [37] . The normaln of the substrate was tilted at an angle θ relative to the incident beam. The polarization of the incident light was in the plane defined byn and the axis of the incident beam ('p-polarized' configuration). Inelastically scattered light from the specimen was passed through an f /1.2 collection lens with a diameter of 25 mm. The scattered light was focused into a scanning (3 + 3)-pass tandem Fabry-Perot interferometer [38] . The value of θ was varied to select the acoustic wavevector along the lengths of the nanowires. Because the diameters of the nanowires are significantly less than the wavelength of the incident light, the Bragg condition for constructively backscattered light from modes localized in the nanowires breaks down with respect to phase variation over the cross sections of the nanowires (perpendicular tô n), and only the Bragg condition for components of the wavevectors parallel to the long axis of the nanowires (n) remains. Therefore, for backscattered light coincident with the axis of the collection lens (180 • backscattered), the acoustic angular wavenumber q (=2π/wavelength) along the principal nanoline axis is given by an equation analogous to the usual relation for BLS from surface waves of opaque planar materials [37] ,
where λ 0 is the wavelength of the incident light. The value of π/2 in the argument of the sine function reflects the fact that the nanowires have their long axis and corresponding wavevectors perpendicular ton. The selected range of 10 • -80 • for θ in our measurements corresponds to a range of 4.1-23.3 µm −1 of |q|.
The non-zero diameter of the collection lens leads to a finite range of collection angles and a corresponding shift in the average wavenumber of detected acoustic waves, relative to that given by equation (4) for on-axis backscattered light. Differences in the average wavenumber and that given by equation (4) were estimated through the use of the analytical procedure of Stoddart et al [39] , not including any angular dependence of the surface reflectivity or elasto-optic coupling coefficients. These estimated differences were found to be less than 3% for the lowest measured q (4.1 µm −1 ) and less than 1% for q > 8 µm −1 . The magnitudes of these differences and associated uncertainties are small, compared to uncertainties associated with the nanowire diameter distribution, especially considering that the frequencies of detected vibrational modes at the lower wavenumbers only weakly depend on wavenumber. In the results presented below, no estimated corrections associated with the finite aperture were applied to the wavenumbers given by equation (4).
Finite-element modeling
We employed the general finite-element (FE) approach of Heyliger et al [31] to model the displacement patterns and dispersion curves of vibrational modes of the nanowires. In this approach, the displacements are approximated as varying sinusoidally in phase along the length. This enables a reduction of the computation problem to an eigenvalue equation involving only the points in a single cross section of a nanowire, providing a great advantage in computational time for objects with high aspect ratios. Under this approximation, the vibrational displacements along the Cartesian axesx,ŷ, andẑ are given, respectively, by
whereẑ is defined to be the long axis of a nanowire andx is along a maximal diameter of the hexagonal cross section.
v p (x, y), and w p (x, y) are spatial approximation functions. U p (t), V p (t), and W p (t) are specified to depend sinusoidally on angular frequency ω. The wavenumber q is an input parameter of the FE calculation. The approximation of equation (5) is 'two-dimensional' (2D) in the sense that a solution of the eigenvalue problem for a single cross section (with displacements of points in adjacent cross sections given by equation (5)) yields the full three-dimensional displacement pattern.
This 2D formulation of the problem neglects deviations from sinusoidal z dependence that occur near the free ends and attached bases of the nanowires. The magnitudes of systematic errors in calculated frequencies associated with such deviations were explored by Heyliger et al [31] for the case of imprinted polymeric nanolines with cross-sectional dimensions on the order of 100 nm. The conclusion of that work was that errors in calculated frequencies arising from the assumption of sinusoidal dependence are negligible when the wavelength 2π/q is less than half the length of the nanoline. As described below, the greatest acoustic wavelengths considered in the present study are 1.5 µm (corresponding to q = 4.1 µm −1 ), which is more than a factor of four smaller than the average length of the nanowires. Therefore, we assume that the approximation of sinusoidal z dependence introduces negligible errors in frequencies. Corresponding to the approximation of negligible effects of the attachment of the bases of the nanowires, coupling between nanowires through the substrate is also neglected.
The cross-sectional FE mesh that was employed is shown in figure 4 . This mesh maintains the hexagonal geometric/material symmetry and has 9 radial nodes and 48 azimuthal nodes. It is composed of 4-noded quadrilateral elements along with collapsed 3-noded elements in the first ring around the center point. This mesh was used following a convergence study during which the numbers of radial and azimuthal divisions were sequentially increased until the resulting frequencies did not change, to three significant figures. The mesh corresponding to the nodal points in figure 4 was used in all simulations that follow.
Piezoelectric terms were not included in the equation of motion for the FE calculations. In GaN, piezoelectric Figure 5 . BLS spectra acquired from the array of GaN nanowires with θ equal to 10
• , 47
• , and 58
• (black lines) and spectra acquired from a specimen with nanowires removed (gray lines).
stiffening causes shifts in acoustic velocities and resonant frequencies on the order of 0.2% [40] , and such shifts are much smaller than uncertainties associated with the distribution in diameters in the current study.
The elastic constants employed in the calculations were those reported by Yamaguchi et al [41] for bulk GaN, with the exception that the value of C 66 was slightly revised to be self-consistent with the other C ij in the hexagonal crystal class (under the assumption of negligible piezoelectric stiffening): C 11 = 373 GPa, C 12 = 141 GPa, C 13 = 80 GPa, C 33 = 387 GPa, C 44 = 94 GPa, and C 66 = (C 11 −C 12 )/2 = 116 GPa. In considering the validity of assuming bulk values for the C ij , we note the work of Bernal et al [42] , which provides evidence that the effects of size on elasticity is limited to diameters smaller than 20 nm in GaN nanowires grown by nominally the same process as those in the current study. As described above, the distribution of diameters in the current study includes few, if any, values below 100 nm. Figure 5 shows examples of BLS spectra acquired from the nanowire array with incident angles θ of 10 • , 47 • , and 58
Results
Vibrational spectra
• . This figure also shows spectra with the nanowires removed by ultrasonic cleaning from specimens taken from the same wafer. The large central peak in each of the spectra (extending off scale) is the Rayleigh peak, which arises from elastic scattering of light by the specimens. The magnitude of elastic scattering from this specimen is greater than in BLS measurements of thin films, because of the greater irregularity in surface topography. Differences in the magnitude of the Rayleigh peak shown in figure 5 are irrelevant to the present study of acoustic modes and can be attributed partly to differences in surface reflectivity with nanowires present and absent. The rising intensity levels near the left and right edges of the spectra are the sides of the 'ghost peaks', which arise from elastically scattered light passing weakly through the pair of Fabry-Perot etalons, which are mismatched at these frequencies.
For each of the spectra, the shoulders of the central Rayleigh peak were fitted to the empirical Pearson-VII function [43] , and this function was subtracted from the spectrum. The Stokes sides of spectra with this elastic-lightscattering background subtracted are shown in figure 6 with Peaks in each of the BLS spectra of figure 6 were fit simultaneously to Gaussian functions to determine the center frequency of each peak. Additional spectra (not shown) with a smaller free-spectral range (larger Fabry-Perot etalon spacing) and q > 16 µm −1 were acquired to provide greater accuracy in the determination of the frequencies of the lowest-frequency modes in this range of wavenumbers. Even with this lower free-spectral range, the relatively large shoulders of the Rayleigh peak limited the measurable frequencies of acoustic modes to values greater than ∼7 GHz.
Results of fitting of the spectra, including only peaks clearly above the noise level, are shown in figure 7 . The solid curves in this figure are FE calculations with the effective maximal diameter of the nanowires equal to the value of 190.4 nm given by the Gaussian fit of equation (3) .
In the lower half of the range of measured wavenumbers, the strongest peak in the BLS spectra of figure 6 appears near 20 GHz. Since this peak shows only weak dependence on q in this range (figure 7), it is indicative of a vibrational mode with finite frequency at q = 0 (at 'cutoff') [44, 45] . The calculated dispersion curve in figure 7 that lies closest to this dominant measured peak is 1.5-2.2 GHz below the data in the range of wavenumbers below 15 µm −1 . Since the frequencies of modes near cutoff are determined primarily by radial and/or azimuthal phase variation (rather than phase variation along the length of the nanowires), these frequencies are expected to increase with decreasing diameter at low wavenumbers, in a manner similar to the frequencies of some modes in solid cylindrical rods [44, 45] . Therefore, the fact that the closest dispersion curve lies below the dominant measured peak suggests that the estimated diameter of 190.4 nm employed in this calculation is too large.
FE calculations with a smaller diameter of 172 nm are shown in figure 8 . As expected for the lower diameter, the calculated dispersion curve closest to the dominant measured peak is shifted upwards. It is close to measured frequencies over the entire range of wavenumbers. Other dispersion curves with weak frequency dependence at low wavenumbers also are shifted upwards by the lowering of the diameter, such that the second-strongest peak at the lowest wavenumbers, near 30 GHz, is closely matched by the calculations. The calculation for the lowest-frequency mode (identified, below, as the lowest-order flexural mode) also closely matches the data. Therefore, the BLS spectra and FE calculations indicate that the mean diameter is closer to 172 nm than it is to the initial estimate of 190 nm. This conclusion is considered further in section 5.
Modal displacements
Three-dimensional representations of displacement patterns, calculated with a maximal diameter of 172 nm, are Table 1 . Character table for C 6v with the symmetry operations (column headings) defined to be the identity (χ 1 ), three-fold rotations about the hexagonal axis (χ 2 ), two-fold rotation about a maximal diameter followed by inversion (χ 3 ), two-fold rotation about the hexagonal axis (χ 4 ), six-fold rotation about the hexagonal axis (χ 5 ), and two-fold rotation about a minimal diameter, followed by inversion (χ 6 ).
shown in figures 9 and 10 with wavenumbers equal to 10 µm −1 and 20 µm −1 , respectively. The corresponding calculated frequencies are indicated below the displacement patterns. The subscripted letters after the frequencies are the group-theoretical symmetry designations (irreducible representations) of the modes within the C 6v point group of hexagonal GaN, following the convention of Cornwell [46] . The group-theoretical symmetries of the modes were determined from the form of transformations of the displacement patterns under the symmetry operations of the point group C 6v , through the use of the characters of the irreducible representations [46] , which are given in table 1. For each of the nondegenerate modes, the irreducible representation corresponding to the displacement pattern is determined by matching the sign of the symmetry under each of the symmetry operations χ x (determined by inspection of the pattern) with the sign of the corresponding characters (1 or −1). The characters of two-fold-degenerate irreducible representations are more complicated, because degenerate modes generally transform into linear combinations of one another under the symmetry operations. However, the symmetries of these modes can easily be identified by considering only the symmetry under χ 4 (two-fold rotation about the hexagonal axisẑ).
The lowest pair of degenerate modes at 10 µm −1 in figure 9 are the lowest-order flexural modes. Following the procedure described above, these modes are found to transform according to the irreducible representation E 1 . It should be emphasized, because it may be counterintuitive, that these flexural modes have the same frequency with lateral displacements along the direction of either a maximal diameter or a minimal diameter.
The second-lowest mode is purely torsional (with only azimuthal displacements). It is invariant under all the symmetry operations of the C 6v point group, except for the two-fold rotations about transverse axes, and, therefore, transforms as A 2 . The frequencies of this mode are linearly dependent on q and independent of diameter. These characteristics of the torsional mode match those of torsional modes in solid cylinders [44, 47] .
The next-lowest mode in figure 9 (at 12.22 GHz) is invariant under all the symmetry operations of C 6v and, therefore, transforms according to the irreducible representation A 1 . Its displacements are axially symmetric, primarily alongẑ, and almost uniform over the cross section. The radial displacements are approximately an order of magnitude smaller than the axial displacements. Therefore, this mode essentially corresponds to longitudinal waves propagating alongẑ. The doubly degenerate modes at 19.41 GHz in figure 9 also have their greatest displacements alongẑ but are antisymmetric under χ 4 . Therefore, the dominant displacements at this wavenumber correspond to transverse standing shear waves. These modes are higher-order flexural modes and are analogous to modes of solid cylinders that are approximately 'axial-shear' near cutoff, with phase variation of 2π around the circumference [44, 48] .
As suggested above, the next pair of doubly degenerate modes at 20.57 GHz is apparently responsible for the dominant peak in the spectra at low wavenumbers. These modes are invariant under χ 4 (making them E 2 ), and the transverse displacements are somewhat greater than the displacements alongẑ.
The pair of modes at 25.07 GHz are odd under χ 4 and, therefore, transform as E 1 . These modes are somewhat similar to the torsional mode, with predominantly azimuthal displacements, except that there is a variation in magnitude and phase of displacements around the circumference. They are analogous to modes of solid cylinders that are 'plane-strain' at cutoff with phase variation of 2π around the circumference [49, 50] .
The modes at 27.51 GHz are another pair of higher-order flexural modes with displacements approaching axial-shear in the limit of zero wavenumber. They are even under χ 4 (E 2 ) and are analogous to axial-shear modes of cylinders with phase variation of 4π around the circumference.
The A 1 mode at 30.206 GHz has axial and transverse displacements that are similar in magnitude and axially symmetric. Unlike the lower A 1 mode (at 12.22 GHz), it has substantial variation in axial displacements over the cross section.
The highest-frequency mode plotted in figure 9 also has similar magnitudes of the axial and transverse displacements. This mode has three-fold symmetry and is odd under χ 4 and the six-fold rotations aboutẑ. It, therefore, transforms as B 2 .
The displacement patterns at 20 µm −1 (figure 10) are generally similar to those of the modes on the corresponding dispersion curves at 10 µm −1 . However, this is not the case for the two pairs of E 1 modes with calculated frequencies of 26.22 and 29.64 GHz at 20 µm −1 , which lie on the dispersion curves that pass through 19.41 and 25.07 GHz at 10 µm −1 in figure 8 . These two pairs of modes essentially switch the forms of their displacement patterns in going from the lower wavenumber to the higher wavenumber. Specifically, at 20 µm −1 , the higher pair of modes has predominantly axial-shear components of the displacement, and the lower pair has primarily azimuthal displacements, which is opposite to that described above for 10 µm −1 . The switching of the forms of the calculated displacements occurs in the range of wavenumbers where the dispersion curves approach one another and then diverge (near 17 µm −1 ). Such 'repulsion' of acoustic dispersion curves has been observed in other material systems in which there is coupling between modes [51-53].
Discussion
The fact that the BLS spectra and FE calculations indicate that the effective average nanowire diameter is ∼10% less than that estimated in equation (3) is not surprising, considering that this difference is comparable in magnitude to the uncertainties associated with the determination of d 0 from the image of figure 1(b) and the spatial variations in diameter over the wafer. We also note that the use of a different function for fitting the weighted diameter distribution in figure 3 can significantly affect the value obtained for d 0 . In particular, towards the end of this study, a log-normal function was found to more accurately fit the weighted data of figure 3 , and the diameter at the maximum of this fit was 184 nm (closer to the value determined from BLS spectra and FE analysis). Any refinement of the fitting function for the diameter distribution requires a corresponding change in the function employed for fitting peaks in the BLS spectra, and this was not pursued.
One feature of the measured spectra ( figure 6 ) and the corresponding frequency plots (figures 7 and 8) that is substantially different than the calculations is the appearance of a weak peak between 12.5 and 13.5 GHz at wavenumbers less than 17 µm −1 . Especially considering that the measured frequency of this peak has no significant dependence on q, one might suspect it to be associated with bulk scattering in the GaN matrix layer on which the nanowires were grown ( figure 1(a) ). However, figure 5 shows no evidence for this peak being present in the sample with nanowires removed. (The spectra taken at θ = 47 • in figure 5 show most clearly the peak near 13 GHz on the shoulders of the central Rayleigh peak with the nanowires present but show no evidence for this peak with the nanowires removed.) The calculated dispersion curve that appears near 19 GHz in figure 7 can be lowered to approximately match the ∼13 GHz peak, but such matching requires d 0 to be greater than 300 nm and leads to substantial disagreement of calculations with the lowest measured flexural mode (which is unambiguously identified). One possible explanation for the small peak near 13 GHz is that it arises from an irregularity in the distribution of diameters of the nanowires sampled with BLS. With respect to this hypothesis, we note that the BLS focal spot has an approximate Gaussian intensity profile with a full width, at half height, of ∼22 µm. Therefore, the area of the nanowire array sampled in BLS measurements is comparable in magnitude to that represented in the SEM images of figure 1 , and significant deviations from a smooth distribution of sampled diameters are expected (as in figures 2 and 3) .
From the calculated displacement patterns for 10 µm −1 in figure 9 , one can see that the modes with the greatest relative radial displacements at this wavenumber are those at 3.62 GHz (E 1 ), 20.57 GHz (E 2 ), 30.206 GHz (A 1 ), and 30.212 GHz (B 2 ). Considering this, the fact that there are relatively large corresponding peaks near 20 and 30 GHz in the measured spectra supports the hypothesis that BLS from surface ripple is the dominant scattering mechanism at this relatively low wavenumber. The absence of a measured peak near 3.62 GHz arises from our inability to perform measurements near this frequency, as described above.
The appearance of a significant measured peak near 26.3 GHz at 10 µm −1 ( figure 8 ) is also consistent with a predominantly surface-scattering mechanism. In the intermediate range of wavenumbers (10-15 µm −1 ), this peak corresponds most closely to the calculated E 1 mode at 25.07 GHz. Although displacements of this mode are found to be primarily azimuthal (figure 9), the hexagonal cross section leads to significant surface ripple.
At wavenumbers above ∼16 µm −1 , a greater number of peaks are apparent in the spectra of figure 6 , and some of these peaks are narrower than those at lower wavenumbers. The dominant peak near 25.3 GHz in the spectra with q equal to 22.1 µm −1 and 23.3 µm −1 is particularly striking with respect to its relatively small width and emergence with increasing wavenumber. We note that the width of peaks is dependent on how strongly the frequencies depend on nanowire diameter, because of the distribution of nanowire diameters of the specimen. Figure 11 shows a superposition of the dispersion curves from figures 7 and 8 for modes that have relatively little dependence on diameter over the entire measured range or have substantially reduced dependence on diameter at the higher wavenumbers. From this figure, one can see that the only candidate for the narrow measured peak at 25.3 GHz (the highest peak at 23.3 µm −1 ) is the lowest A 1 mode. The displacements of this mode are predominantly longitudinal, as described in section 4.2. The relatively weak dependence of the frequency on diameter is associated with a lack of significant variation of displacements over the cross section. This mode is analogous to longitudinal guided modes observed in BLS measurements on transparent thin films, including GaN-AlN [54] . Chirita et al [54] , found that inelastic light scattering from longitudinal guided modes in GaN occurs primarily through elasto-optic coupling. Therefore, the emergence of the longitudinal A 1 mode in our measured spectra at higher wavenumbers (with the wavevector of the incident light within ∼45 • of the hexagonal axis of the nanowires) suggests an increased contribution of elasto-optic scattering at these wavenumbers. The lack of evidence for this mode at lower wavenumbers is consistent with its relatively small surface ripple, under the assumption of a predominantly surface-scattering mechanism at these wavenumbers.
Conclusion
Our BLS measurements and analysis provide an identification of a number of vibrational modes in hexagonal GaN nanowires, despite significant complexity and uncertainty introduced by the distribution of diameters, shoulders of the central Rayleigh peak, and angular dependence of surface ripple and electro-optic scattering cross sections. At the lower measured wavenumbers (below ∼15 µm −1 ), the detected modes are found to be those with the greatest relative transverse displacements, consistent with a predominantly surface-scattering mechanism. Vibrational modes that are undetected at low wavenumbers include those with approximately longitudinal and axial-shear displacements. At higher wavenumbers, the peak of the lowest-order flexural mode moves out far enough on the shoulders of the Rayleigh peak to become measurable. Also, at these wavenumbers, the BLS spectra and analysis provide evidence for elasto-optic scattering within the GaN, most clearly from the approximately longitudinal (A 1 ) mode. The data and analysis also provide evidence for narrowing of some peaks at the higher wavenumbers associated with reduced dependence of frequencies on diameter.
Characteristics of the vibrational modes that are especially relevant to potential NEMS applications include the degeneracy and weak diameter dependence of the lowest-order flexural modes, the weak diameter dependence of the longitudinal (A 1 ) mode, the complete lack of diameter dependence of the torsional (A 2 ) mode, and the relatively small surface ripple of a number of the modes (which leads to reduced air damping, as in macroscopic thickness-shear resonators). The finite cutoff frequencies of modes of various symmetries should also be especially noted, considering that successful implementation of resonators employing such modes would lead to reduced acoustic energy loss to supporting structures and much higher operating frequencies at low wavenumbers, relative to the lowest-order flexural modes.
